We study the possibility of a large CP-violation in lepton pair production in the collisions of polarized protons at RHIC-BNL, as indicator of physics beyond the standard model. We propose a supersymmetric mechanism generating a non-zero CP-odd asymmetry in this process. The mechanism is based on the R-parity violating interactions of quarks and leptons with the scalar sleptons. We estimate the prospects for observing this effect in a future experiment at 12.60.Jv,13.88.+e,13.85.Qk 
CP-violation is one of the most disturbing problem of particle physics. Being first observed more than 30 years ago in the neutral kaon system, it has not yet appeared at any other place except, probably indirectly as baryon asymmetry of the universe, in the sense that it can not be understood without CP-violation.
This situation looks puzzling and inspires great efforts both from theoretical and experimental sides in looking for other CP-violating phenomena (for a recent review see, for instance, [1] and references therein).
In the Standard Model (SM) there is only one source of CP-violation. This is the single complex phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix in the quark sector. Thus, CP-violation takes place only in the charged current flavor changing interactions in the quark sector. The physical CP-violating effect is observable in those processes which involve at least two CKM matrix elements. In cases in which only one matrix element is involved, the complex phase can be rotated away by quark fields redefinition, leaving no physical effect.
Extensions of the SM introduce new sources of CP-violation enlarging the realm of CPviolation [2] . The phenomenological pattern of these sources may significantly differ from the SM picture. In the SM, for instance, there is no room for CP-violation in K 0 → π +ν µ − , but once generic scalar and/or tensor interactions with complex coupling constants are introduced, CP-odd effects become possible in this decay [3] . The observation of a non-zero transverse muon polarization P µ T in this process, would be a good evidence for the violation of CP-invariance beyond the SM. Some theoretical estimates have been given [4] and a new preliminary measurement [5] indicates P µ T = −0.0042 ± 0.0049(stat.) ± 0.0009(syst.), but the sensitivity is expected to be reduced at the 5 · 10 −4 level.
The best place to look for physics that could be present beyond the SM is in observables that either vanish or are very suppressed in the SM. We will see that this is the case for the CP-violating single spin asymmetry measured in transversely polarized proton-proton collisions, which furthermore is expected to have very small SM background. Our purpose is to present this asymmetry as a powerful indicator for physics beyond the SM, and to estimate its value in supersymmetric models. Here we address the question on the possibility of large CP-violation in high-energy collisions, in processes at a 100GeV scale, an exciting plausible situation which has been already considered a few years ago [6] . Earlier, it was also observed that RHIC might produce CP violating events in heavy-ion collisions [7] .
A vast spin physics programme will be soon under way at the RHIC-BNL facility, operating as a polarized pp collider [8] . Among the very many spin asymmetries which can be measured, let us consider the single transverse spin asymmetry A ± T in the reactions pp → µ + νX, µ −ν X, defined as
where dσ ± (↑) (dσ ± (↓)) is the µ ± ν production cross section with one proton beam transversely polarized in the up (down) direction, with respect to the normal to the scattering plane. These cross sections can be computed in the Drell-Yan picture in terms of the dominant quark-antiquark fusion reactions
For the µ + ν production the explicit expression for the asymmetry in (1) becomes
.
The brackets stand for some phase space integrations over the fractions x a and x b of the momenta of the initial protons (a refers to the polarized proton and b to the unpolarized one), carried by the scattering quark u and antiquarkd, whose distributions are u(x) and d(x). Here h q 1 (x) denotes the transversity distribution for quarks (and antiquarks) [9] , which measures the difference of the number of quarks with transverse polarization parallel and antiparallel to the proton transverse polarization; andâ q T denotes the standard single transverse spin asymmetry (polarization or analyzing power) in the two-body reactions (2), where q = u,d and q = d,ū for the first and the second reactions respectively. This asymmetry has the following expression [10] 
where the helicity amplitudes f ++ and f +− are labeled with respect to the helicities of the initial quarks. Recall that one does not observe the polarization of the final leptons.
In the SM the quark subprocesses in (2) are mediated by the s-channel W ± -boson exchange, as shown in Fig.1(a) . In the chiral limit m q = 0, the corresponding quark helicity single-flip amplitude is given by the expression
Here g is the SU(2) L gauge coupling,ŝ and θ denote the invariant mass of the lepton pair and the angle between the u quark and the muon 3-momenta in the c.m.s. respectively. Given the V-A nature of the W-boson interactions with quarks and leptons, the corresponding helicity non-flip amplitude vanishes f ++ = 0. Thus in the SM we end up withâ q T = 0, which directly leads to A ± T = 0. In order to have A ± T = 0, we needâ q T = 0, which requires some physics beyond the SM. This new physics would imply the presence of some new (pseudo-) scalar (or tensor) interactions with complex coupling constants providing Imf ++ = 0, as mentioned above [3] . Using a phenomenological model which modifies the q u q d W interactions [11] , possible CP-violation effects in spin asymmetries have also been considered in ref. [12] .
In this paper we are studying the mechanism of CP-violation suggested by supersymmetry (SUSY), in order to generate A ± T = 0. We are considering the minimal R-parity violating(R p / ) SUSY model (R p / MSSM) which contains the required scalar interactions and complex phases. Notice that in the framework of the R-parity conserving minimal SUSY model(MSSM), the scalar interactions which could induce the subprocesses (2) are absent, barring highly suppressed lepton-Higgs interactions.
The relevant R-parity violating interactions of the R p / MSSM are given by the lepton number/flavor violating superpotential terms
Here L, Q stand for lepton and quark SU(2) L doublet left-handed superfields, while E c , D c for lepton and down quark singlet superfields. The coupling constants λ ijk , λ ′ ijk are in general complex numbers and, therefore, they can produce CP-violation. Note that even if these couplings are taken real, the complex phases reappear after rephasing the quark and lepton fields, to fix their masses real and to obtain the standard form for the CKM matrix. Let us single out from the R p / MSSM superpotential (6) the operators which can contribute to the processes in (2) and collect them into the Lagrangian
These interactions generate contributions to the processes (2) via the s-channel charged slepton and t-channel down squark exchanges as shown in Fig.1(b,c) . The dominant contribution to the helicity non-flip amplitude f ++ is given by the s-channel diagram in Fig.1(b) . The contribution of the t-channel diagram in Fig.1(c) is suppressed by the factor m d /M SU SY ≤ 10 −4 , where m d ∼ 10MeV and M SU SY ≥ 100GeV are the down quark mass and the characteristic SUSY breaking scale respectively. To see this, let us contract the heavy scalar line in the diagram Fig.1(c) to a point and consider two 4-fermion operators corresponding to this diagram µ c P L u ·dP R ν c , µ c P L u ·dP L ν. By applying a Fierz transformation, we get in the first case the SM structuredγ µ P L u ·νγ µ P L µ which, as already mentioned, does not contribute to the amplitude f ++ . The second operator contributes to this amplitude, but contains the suppression factor m d /M SU SY arising as a result ofd L −d R mixing, which vanishes in the chiral limit m q = 0.
The dominant contribution to the helicity non-flip amplitude given by the diagram Fig.1 
where
The superscript (i) denotes the amplitude for the final state neutrino ν i . HereṼ mk is the unitary charged slepton flavor mixing matrix. Having complex phases, it could contribute to give a CP-asymmetry in (4)â q T = 0. However, we expect this contribution to be small provided the slepton mass spectrum is nearly degenerate Mẽ i ≈ Mẽ, as suggested by the FCNC constraints. As seen from the approximate equality in (8) the slepton mixing matrix disappears in this case. The last possible source of the CP-violation in the processes (2) is the complex phase of the trilinear soft SUSY breaking parameters A l setting the scale of the Higgs-slepton interaction operators A l (H 1LẼ c ). The physical effect of this phase is only in the (ẽ L −ẽ R ) -mixing and, therefore, is suppressed by the factor m e /M SU SY . Thus the dominant effect of the CP-violation in the processes (2) is produced by the complex phases exp (−iφ ik ) associated with the product of the R p / -couplings λ ′ k11 λ * ki2 in (9) . Substituting (5) and (8) to (4) we obtain
Here the summation runs over all the neutrino flavors ν i in the final state. In (10) we neglected the total widths Γ W , Γẽ of the W-boson and the sleptonsẽ. This is a good approximation unless the values ofŝ fall into very narrow kinematical domains around the poles in (5) and (8) . For instance, at √ŝ ∼ 100 GeV corrections to (10) do not exceed 6%. This is more than sufficient for our further estimations. Now let us employ the current constraints on the R p / MSSM parameters (for the list of the constraints on λ, λ ′ see [13] , [14] ) and examine which constraints they impose on the CP-asymmetry, given by the expression in (10) . The constraints of our interest are:
Using these constraints we get
Now we can translate these upper limits to a bound onâ q T and since it depends on the considered kinematical domain, we will take, as an example, R(ŝ, θ) ≈ 1. Then the corresponding constraint is
Let us use this constraint in order to discuss the size of a possible non-zero A ± T , arising from CP-violation. This is obtained from (3), which actually can be reduced to a simpler expression. On the one hand, the second term in the numerator of (3) is certainly small, since one believes that h u 1 ≫ hd 1 (see ref. [9] ), and on the other hand, if we select a region where the first term in the denominator dominates (i.e. x a ≫ x b ), one ends up with
Using some reasonable theoretical estimates (see ref. [9] ) one has h u 1 /u ≈ 0.5. Therefore we finally obtain
SM backgrounds are expected to be small, due to the fact that the W-production vertex involves only one CKM matrix element even at the one-loop level, and in order for the asymmetry to be non-vanishing, several CKM matrix elements, whose relative conventionindependent phase is non-zero, have to be present. Higher twist contributions are also expected to be small because they should be suppressed, at least by a factor M proton /M W , in addition to a possible cancellation between the vector and the axial vertices.
Summarizing, we have shown here that there exists the exciting possibility of measuring CP violation in polarized p-p collisions. We proposed the corresponding CP-asymmetry A T defined in (1) and demonstrated that it may serve as a powerful tool in order to probe new physics beyond the SM. If at a given sensitivity the experiment does not observe the CP-odd effect, setting an upper bound on the asymmetry A T , this will still allow one to establish new important upper bounds on the parameters of new physics such us R-parity violating couplings for the considered case of supersymmetry. 
